OBJECTIVE: Starting from a model of impaired response inhibition and salience attribution for addictive behaviour we investigated whether obese participants show a greater impairment of inhibitory control in response to food-associated cues compared with neutral stimuli and whether this is seen in normal-weight control subjects. In addition, we questioned whether an attentional bias towards food-associated cues can be observed in an early stage of information processing. DESIGN: Control-group study including the administration of behavioural tasks (that is, go/no-go task with food-associated and neutral words, visual dot probe task with food-associated and neutral pictures) and self-reported measures of eating behaviour and impulsivity. RESULTS: Although self-reported measures indicated disinhibition of eating behaviour of obese patients, we found that foodassociated stimuli induced an impairment of inhibitory control in both obese participants as well as normal-weight controls.
INTRODUCTION
At present, there is a growing research interest linking obesity to addictive behaviour. The processing of reward and pleasure is mediated by the mesocorticolimbic system, primarily the ventral tegmental area, the ventral striatum and the nucleus accumbens. 1 According to models of incentive salience 2, 3 addictive substances modify the dopaminergic mesocorticolimbic system making it hyperresponsive to drugs and drug-associated stimuli. In addition, Goldstein and Volkow 4 emphasise in their impaired response inhibition and salience attribution model that addiction is not only characterised by salience attribution to drug-associated stimuli, but that deficits in inhibitory control for conditioned drug responses contribute to a loss of self-directed behaviour. Only a few years ago, Berridge 5 suggested that a sensitisation of the dopaminergic reward system by food and food-associated stimuli might also take place and contribute to obesity.
There are a wide number of studies in support of the incentivesalience models for substance dependence, 6--8 but there are at present only a few studies that investigated these mechanisms in obesity. Nijs et al. 9 administered a visual dot-probe task (with a picture presentation time of 100 ms) and found that obese participants showed a greater initial orienting towards the food-associated stimuli than control participants. Further support for a sensitisation of the dopaminergic reward system to foodassociated stimuli can be derived from studies assessing electroencephalographic indices 10 and imaging studies that found that in obese participants and with increasing body mass index (BMI) pictures of high caloric food induce activation in reward regions. 11, 12 However, there is a considerable lack of behavioural studies that assessed inhibition deficits of obese participants in response to food-associated stimuli. An interesting study is presented by Batterink et al. 12 who used a go/no-go task with food-associated pictures and found that BMI was significantly positively associated with behavioural measures of an impairment of response inhibition as well as reduced activation of frontal inhibitory regions. However, in that study only food-associated stimuli and no neutral control stimuli were used, and thus, no information is available whether impairment of response inhibition is greater in response to food-associated compared with neutral cues.
The primary aim of this study was to investigate inhibitory control in response to food-associated stimuli in obesity. We therefore administered a go/no-go task with food-associated and neutral stimuli and hypothesised that obese participants would show an impairment of response inhibition that would be greater in response to food-associated compared with neutral cues. In contrast, we expected no cue-specific differences with regard to response inhibition in normal-weight controls. The secondary aim of our study was to investigate whether attentional processes of obese patients are already altered in a very early stage of information processing. We therefore administered a visual-dot probe task with a picture presentation time of 50 ms and assessed the attentional bias towards food-associated stimuli. We further administered a wide range of neuropsychological tests as we have found previously that deficits of attention and working memory can modulate attentional bias, 13 and there is evidence for a link between obesity and cognitive decline.
14, 15 We further administered self-reported measures on external eating, momentary hunger and impulsivity and examined their influence on the experimental outcome. 16 
PATIENTS AND METHODS Participants
A total of 20 obese participants (13 female, 7 male) and 20 healthy controls matched for age and gender were recruited from the general population. Inclusion criteria were age between 18 and 65 years, for obese participants BMI430 and for normal-weight controls BMI between 18.5 and 25. Exclusion criteria were severe psychiatric, neurological, or somatic diseases or untreated endocrine illnesses, history of surgical interventions in the gastro-intestinal system (for example, gastric banding) and current intake of psychoactive or anti-obesity medication. This study was approved by the Ethics Committee of the Medical Faculty Mannheim of Heidelberg University and adhered to the Declaration of Helsinki. Participants were paid a reimbursement of 20h for participation in this study.
The mean age of obese participants was 47.9 years (s. 
General procedure
Testing took place between 14:00 and 17:00 hours. Participants were instructed to restrain from eating for at least 3 h before testing. The analysis of the item time since last meal (see below for details of the Hunger Scales 17 ) indicated that all participants reported adherence to this instruction. Obese participants indicated a minimum duration of the time since the last meal of 183 min (mean ¼ 485 min, s.d. ¼ 346 min, range ¼ 183--1180 min) and normal-weight controls of 180 min (mean ¼ 314 min, s.d. ¼ 208 min, range ¼ 180--1140 min). Statistical analyses of the Hunger Scales (see results section) indicated no significant differences. After evaluation of inclusion/exclusion criteria testing started with the assessment of demographic variables and questionnaires on eating behaviour, subjective hunger and impulsivity. Then, the go/no-go task and the visual dot-probe task were administered and participants provided a subjective rating of each stimulus with regard to pleasantness and craving for food. Finally, participants completed a battery of neuropsychological tests. The test session was conducted by a research assistant trained in neuropsychological test administration.
Questionnaire measures
The Three-factor eating questionnaire 18 was administered to provide a subjective description of eating behaviour with regard to the subscales cognitive restraint (the degree to which a person closely controls and restrains food intake, for example, 'I do not eat some foods because they make me fat.'), disinhibition (the vulnerability of control of eating behaviour to disruptions, for example, 'I usually eat too much at social occasions, like parties and picnics.') and susceptibility to hunger (a person's awareness of and sensitivity to hunger, for example, 'I get so hungry that my stomach often seems like a bottomless pit.'). For the German version good internal consistency was found (Cronbach's a 0.74--0.87 for the three subscales). 19 Barrat Impulsiveness Scale. The Barrat Impulsiveness Scale 20 was administered as a subjective measure of impulsive behaviour. This questionnaire comprises 30 items designed to assess different aspects of impulsivity like attention, motor impulsiveness and self-control (for example, 'I do things without thinking'). For the German version the summary score shows acceptable internal consistency (Cronbach's a ¼ 0.69) and differentiates well between different groups of patients with psychiatric disorders and control participants. 21 Hunger Scales. The Hunger Scales 17 were used in several studies to control for hunger and satiety. 9, 22 They comprise four rating scales of different aspects related to hunger. These are time since last meal (estimated to the nearest 15 min), hunger rating (rated on a scale from 1 ¼ 'not hungry at all' to 7 ¼ 'extremely hungry'), amount of favourite food the subject could imagine to eat at this time (rated on a scale from 1 ¼ 'none' to 6 ¼ 'as much as I could get') and time until next meal (estimated to the nearest 15 min).
Go/no-go task A German version of a go/no-go task using food-associated and object words as suggested by Mobbs et al. 23 was developed to assess impairment of response inhibition when food-associated words are presented. Words from two categories (food and object words) were rapidly presented one by one in the centre of a 19-inch screen (ETC engineering & technology GmbH, Burgau, Germany) with a presentation time of 300 ms and an interstimulus interval of 900 ms. The words were arranged in 10 18-word blocks with the first two blocks serving as practice blocks that were not scored. Within each block nine food words and nine object words were presented in random order with the constraint that no three words from the same category appear consecutively. At the beginning of each block a target category was defined (either food-associated or object words) and participants were instructed to respond to words of the target category as quickly as possible by pressing the space bar (go-trials), but to inhibit their response when distractors are presented (no-go trials). The food-associated and object words were selected from a list of 200 words, which were rated in a pilot study by 16 normal-weight participant (8 females, 8 males) with regard to familiarity of the word and imagibility. Food-associated and object words were selected such that they did not differ with regard to these ratings. In addition, words were selected with the condition of mean similar word length and word frequency to control for possible confounding effects on categorisation. For task presentation and recording of responses we used Presentation software (Version 9.9, Neurobehavioral Systems, Inc., Albany, CA, USA). As suggested for the affective go/no-go task of the CANTAB (Cambridge Cognition, Cambridge, UK; http:// www.camcog.com) we calculated as dependent variables separately for the target categories food and objects reaction times in go-trials, the number of commission errors (that is, responses to distractors) and the number of omission errors (that is, failing to respond to a target word). Dot probe task Procedure. Participants were instructed to respond as quickly and accurately as possible by pressing one of two response keys to indicate the position of a dot that was presented either in the right or the left part of a computer screen. A central fixation cross was presented at the beginning of each trial for 500 ms, which was immediately followed by a picture pair for 50 ms with the pictures being presented in the right and the left part of the screen. A dot probe (arial, size 50, white on a black background) appeared upon picture offset in either the location of the right or the left picture and remained until the participant pressed one of the response keys. Presentation software (Version 9.9, Neurobehavioral Systems, Inc.) was used for task presentation and recording of the behavioural responses. As the dependent variable the latency to respond to the dot probe (in ms) was recorded. All trials with errors and trials with response latencies o100 or 41000 ms were removed. For correlation analyses we calculated an attentional bias score (in ms) by subtracting the mean latency to respond to probes replacing food-associated pictures (congruent trials) from the mean latency to respond to probes replacing control pictures (incongruent trials). Thus, positive values indicate attentional bias towards food-associated stimuli.
Stimulus material. The food-associated pictures were created by our workgroup and evaluated in a pilot-study to ensure that pictures are clearly food related and induce appetite. A total of 20 food-associated pictures were paired with 20 pictures of objects. Pictures of objects displayed objects of various categories and were selected such that they resembled the food-associated pictures as far as possible with regard to colour and complexity of picture design (for example, a white flower with a yellow pistil to match a fried egg). In addition, 40 pictures were selected from the International Affective Picture System 24 that belonged to the category of neutral pictures and displayed also various objects to create 20 pairs of filler pictures. Each picture pair was presented four times with counterbalanced picture (left or right) and dot probe locations (left or right) resulting in a total of 160 presentations with the order randomised for each participant. All pictures were 3 inches high by 4 inches wide and were presented in pairs on the left and the right side of a 19-inch colour monitor (ETC engineering & technology GmbH).
Picture rating. After completion of the dot-probe task all pictures were presented again one by one and participants rated each picture with regard to pleasantness and the induction of food craving on a 100-mm visual analogue scale.
Neuropsychological functioning
The neuropsychological test-battery comprised the d2 Test of attention, 25 the Auditive verbal learning task, 26 the Trail-Making Test 27 and the Wisconsin Card Sorting Test, 28 which are tests of speed and accuracy of working performance, working memory, divided attention, the ability to shift and abstract conceptual skills. For a brief description of each test and the dependent variables used for the further analysis see the Supplementary material.
Statistical analysis
Repeated measures analysis of variance were performed to analyse differences between obese participants and normal-weight controls with regard to reaction times to food-associated and control stimuli in the visual dot-probe task and reaction times and number of errors in the go/no-go task. Separate multivariate analysis of variance were used to analyse differences between the two groups with regard to the different questionnaire measures as well as of cognitive functioning (F-values corrected by Wilk's l). For the main outcome variables effect size statistics (partial Z 2 ) and the observed power are reported. Pre-planned correlation analyses were carried out to analyse significant associations between questionnaire measures and the behavioural outcome variables. In all cases P-values of 0.05 or less were considered as significant. A Bonferroni's correction for multiple testing was applied for post-hoc univariate tests and adjusted P-values are reported. For correlation analysis the Holm--Bonferroni method was applied to correct for multiple testing. All analyses were performed with Predictive Analysis SoftWare (PASW; version 18.0.1, SPSS Inc., Chicago, IL, USA).
RESULTS
Eating behaviour, self-reported impulsivity and subjective hunger ratings Descriptive data for eating behaviour measures, impulsivity and subjective hunger ratings are summarised in Table 1 . We found significant differences between obese participants and normalweight controls in the TFEQ (Wilk's l ¼ 0.39, Po0.001, partial Z 2 ¼ 0.61, observed power ¼ 1.00). Univariate tests revealed that obese participants achieved higher scores than normal-weight controls on the disinhibition subscale (Po0.001) and the susceptibility to hunger subscale (Po0.001). In contrast, the two groups did not differ with regard to impulsive behaviour as reported in the Barrat Impulsiveness Scale (F(1,38) Inhibitory control in response to food-associated stimuli We found a significant main effect of category for reaction times in correct go-trials (F(1,38) ¼ 38.60, Po0.001, partial Z 2 ¼ 0.50, observed power ¼ 1.00), indicating that all participants were faster in responding to go-trials with food compared with go-trials with objects as the target category (see Figure 1) . Neither the interaction category by group (F(1,38) Figure 1) .
With regard to the number of omission errors we found a trend towards a significant category by group interaction (F(1,38) ¼ 3.77, P ¼ 0.06, partial Z 2 ¼ 0.09, observed power ¼ 0.47). However, Bonferroni's corrected post-hoc t-tests indicated that this interaction effect was not reliable (PX0.11). All other main effects were also not significant (PX0.17, partial Z 2 p0.05). Correlation analysis indicated for obese patients, but not normal-weight controls, that the time since the last meal was significantly positively associated with the number of commission errors when food was the target category (r ¼ 0.81, Po0.001). All other correlations were not significant when corrected for multiple testing (all PX0.10).
Attention allocation towards food-associated and neutral stimuli and subjective ratings of pleasantness and food craving Overall, reaction times in the visual dot probe task are presented in Table 2 . In contrast to our hypothesis neither the main effect of congruency (F(1,38) ¼ 0.36, P ¼ 0.55, partial Z 2 ¼ 0.01) nor the interaction of congruency by group (F(1,38) ¼ 0.18, P ¼ 0.67, partial Z 2 ¼ 0.01) reached statistical significance, indicating no differences in attention allocation towards food-associated compared with neutral stimuli for obese participants or for normal-weight controls. The main effect of group was also not significant (F (1,38) Subjective ratings of pleasantness and craving in response to the food-associated and neutral visual stimuli (see Table 2 for descriptive data) indicated that obese participants as well as normal-weight controls rated the food-associated pictures as more pleasant than the neutral control slides (F(1,38) To control for possible confounding effects of an impairment of working memory capacity on performance in the visual dot-probe task as well as the go/no-go task we calculated the repeated measures analysis of variances reported above again and entered the number of perseveration errors in the Auditive verbal learning task as covariate. However, this did not affect any of the results reported above.
DISCUSSION
This study set out to investigate mechanisms of inhibitory control in response to food-associated cues and alterations of attentional processes in an early stage of information processing in obese patients. Although self-reports of eating behaviour clearly indicated that obese participants showed greater disinhibition of eating behaviour than normal-weight controls, this was not reflected in the behavioural measures. We found that obese as well as normal-weight participants committed more commission errors (that is, responses to distractors) when food-associated stimuli were the distractors with no significant group differences. In addition, in the go/no-go task we found faster reaction times in response to the presentation of food-associated compared with neutral stimuli for both groups. Interestingly, there are two studies that used a go/no-go task with food-associated (as well as body related) and neutral words to investigate inhibitory control in bulimics 23 and patients with binge eating disorder 29 and also found that all participants tended to respond faster to foodassociated compared with neutral stimuli. Thus, these results suggest that not only obese, but also normal-weight controls show an approach bias for food-associated stimuli. We took great care in controlling confounding effects on performance in the go/ no-go task by selecting food-associated and object words under the condition of similar word length and word frequency and run also a pilot study to select words, which do not differ significantly with regard to ratings of familiarity and imagibility. Meyer 30 investigated the representation and retrieval of stored semantic memory by measuring the reaction time of true-false decisions about logical assertions between different categories (for example, 'all robins are birds'). The results of different experiments demonstrated that reaction times for decisions increased with increasing category size (for example, 'animals' instead of 'birds'). Although these experiments differed in various aspects from the experimental procedure of this study, we cannot exclude that a category size effect affects our findings. Thus, although the foodassociated words represented the single category food, the object words represented a variety of categories (for example, stationary or sanitary). However, our interpretation of an approach bias is supported by studies that used different experimental paradigms that are not relying on word categorisation. Thus, Nikendei et al. 31 assessed memory bias for food-related words and found that normal-weight controls under a fasting condition are faster in responding to food-associated words than neutral words in a word recognition test. In addition, in a recent study, Giel et al. 32 assessed initial orienting and the maintenance of attention to food-associated pictures using an eye-tracking system and found Note: obese participants and normal-weight controls did not differ significantly with regard to theses measures; in congruent trials the dot replaced a food-associated picture whereas in incongruent trials it replaced a control picture.
that attentional engagement for food pictures was most pronounced in fasted healthy control subjects. These findings also suggest an approach bias for food-associated stimuli. As previous studies that administered go/no-go tasks with foodassociated words 23,29 also used object words of different categories, future studies are recommended to address this possible confounding effect by matching the words of the food and the control category with regard to typicality ratings.
In contrast to previous studies 9, 10 we found neither for obese participants nor for normal-weight controls an attentional bias towards food-associated stimuli. We assume that this result indicates that in such a very early stage of information processing automatic attention is not modulated by food-associated stimuli. Although it might be argued that with this short presentation time only the sensory characteristics of a visual stimuli are processed without any modulation by the emotional/motivational content of the picture, we suggest that the salience of the food-associated pictures seems to be too low for such an early modulation of attention. In our previous research on attentional processes we administered the visual dot-probe task with a picture presentation time of 50 ms to social drinkers as well as alcohol-dependent patients and were able to demonstrate an attentional bias towards alcohol-associated stimuli compared with neutral stimuli in different samples. 15, 33 This was also reported by Noë l et al.
34
Thus, there are studies from different research groups available that found attentional bias to drug-associated stimuli with the same presentation time as in this study. Further evidence supporting the assumption of a higher impact of drug-associated stimuli compared with food-associated stimuli on attentional processing can be derived from studies that rendered the participants unaware to picture content by various experimental techniques. For example, Yan et al. 35 found that smokers but not control participants showed an attentional bias towards cigarette pictures in an unaware condition. In contrast, studies with anorexic patients 36 and restraint eaters 37 failed to find any evidence for an enhanced automatic, preconscious attentional processing of food-associated stimuli. In addition, it is unlikely that this finding was due to cognitive impairment of obese patients. Although we found a tendency for obese participants to perform worse than normal-weight controls with regard to working memory, entering this variable as a covariate in the analyses did not change our results.
This study has some limitations. First of all, we have not systematically varied hunger versus satiety, but performed correlation analyses, which yielded no significant associations with the attentional bias and only for obese participants a significant association was observed between the time since the last meal and failed inhibitions in response to object stimuli as distractors. The instruction given in this study to fast for 3 h cannot be interpreted as reflecting a fast condition and its main purpose was to standardise conditions between participants. As previous studies provided conflicting results with regard to the influence of hunger state on attentional bias, 26, 11 future studies are warranted to better understand the effect of hunger on attentional bias as well as inhibitory control. Further, the sample size of this study was rather small and we cannot exclude that nonsignificant group differences or group by category interactions might reflect the small sample size rather than a true absence of group differences. However, effect-size statistics and analyses of observed power support the reliability of our findings as these indicated very small effect sizes for nonsignificant findings. Nevertheless, future studies are warranted to replicate our findings with larger sample sizes. Finally, in contrast to the majority of previous studies on eating disorders, we have included female as well as male participants, but because of a rather small sample size not systematically investigated the role of gender. However, gender differences with regard to inhibitory control were observed in previous studies 38 and future studies are warranted to investigate gender differences.
Taken together, this study provided first evidence that foodassociated cues induce an impairment of inhibitory control in both obese participants as well as normal-weight controls, indicating an approach bias. In contrast, food-associated cues did not modulate attention allocation in a very early stage of information processing, suggesting that compared with drug-associated cues foodassociated stimuli are less salient. These findings question the assumption that an impairment of response inhibition and salience attribution might be at the core of obesity.
